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Lipid domainsBiomembranes are unique states of soft matter that share some of their materials properties with the
mesophases of liquid crystals. Although of genuinely ﬂuid character, membranes can display ordered states
under physiological conditions, and it appears that their lateral organization and the related functional
properties are intimately coupled to states in-between order and disorder. Hence, the liquid-ordered state of
membranes, which owes its existence to the unique ability of cholesterol to mediate between order and
disorder, has moved center stage in the characterization of membranes in terms of domains or rafts.ll rights reserved.© 2010 Elsevier B.V. All rights reserved.Contents1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1286
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The lipid–bilayer component of biological membranes has turned
out to be a notoriously difﬁcult object to study [1–4]. Even now,
85 years after Gorter and Grendel's pioneering work establishing the
membrane as an ultrathin bimolecular sheet [5], we ponder about
bilayer structure and organization and how it is related to biological
function [6]. There appears to be at least three reasons for the
difﬁculties.
The ﬁrst one is related to the mystery of lipid diversity and the
qualities of the inherent ﬂuid character of the many-component
bilayer membrane in its functional state. The second one is concerned
with the subtle elements of structure and order, lateral as well as
transversal, which themany-bodyness of the bilayer entails, including
the role of lipid–protein interactions [7,8]. The third one is the mighty
question as to how the active functional state of the membrane
impacts on and is inﬂuenced by the non-equilibrium properties of the
bilayers matrix [9].Lipid diversity remains a puzzle. Adding to the fact that not only
does a typical membrane contain hundreds of different lipid species
but at least half of its area is occupied by proteins, it appears that a
detailed description of the membrane is far from within reach. The
question naturally arises as to whether such a detailed description is
feasible or even desirable. Maybe we have not yet asked the right
questions. Maybe the diversity and apparent complexity cover some
possible simple principles still to be discovered and formulated, e.g.,
maintenance of collective properties like homeostasis of some kind,
regulation of lateral pressure proﬁle, control of intrinsic curvature
stress, organization in terms of differentiated domains, etc. These
possibilities are useful to keep in mind when we scrutinize the wealth
of new data on membrane composition, which is about to pour in due
to application of powerful lipidomics techniques applied to still
smaller and smaller parts of the cell [10]. The detailed lipid proﬁling of
membranes will be a blessing but could also be a curse if we get too
preoccupied with making detailed lipid inventories of the cell and
overlook the fact that lipids are designed to act in aggregated form and
we will only be able to fully understand their function if we study
them in their natural environment in the collective and dynamic
bilayer complex.
Due to their self-assembled nature, lipid bilayers have distinct,
albeit subtle elements of order, although their ﬂuid trademark
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of order. The conﬁnement of the lipids in bilayers implies the peculiar
and highly structured shape of the trans-bilayer stress or pressure
proﬁle [11], which clearly must be important for fundamental reasons
but still awaits an experimental detection and quantiﬁcation. The
many-bodyness of the bilayer implies lateral organization in terms of
macroscopic phases and microscopic or nanoscopic domains with
different composition and order. The bulk of evidence points to the
fact that model membranes as well as biological membranes display
lateral structure on many different length scales in terms of lipid
domains [12] or ‘rafts’ [6,13], and as our experimental abilities to
image on smaller and smaller scales, in particular below the
diffraction limit of light, using, e.g., atomic force microscopy imaging
[14] or advanced ﬂuorescencemicroscopy techniques [15], possibly in
single-molecule imaging mode [16], we learn about local order in the
otherwise ﬂuid bilayer. In particular, the relationships become clearer
between lipid–protein interactions and protein/enzyme function on
the one side and lateral ordering of bilayers on the other side [17].
We are only about to begin facing the third difﬁculty, which may
prove to be the most challenging one. How do we study membrane
structure in the functional state? That is, how does bilayer transverse
and lateral order become modiﬁed in an active membrane subject to
transport, signaling, and enzymatic processes, and how do these
processes in turn become controlled by the non-equilibrium state of
the lipid matrix? Only few clues exist [18,19], and progress is
hampered by the lack of appropriate, quantitative model systems that
can be analyzed with the accuracy we are used to from equilibrium
conditions.
Surprisingly, a single, special kind of lipid, viz cholesterol, has come
to play a key role in the elucidation of membrane organization and
domain formation [20]. Being the singlemost abundant type of lipid in
all plasma membranes, typically in a molar concentration of around
30%, the long-standing question as to how cholesterol regulates
membrane structure has been cast into a new dimension. By the
proposal of a new type of membrane phase, the liquid-ordered phase
[21], which results as a compromise between cholesterol's schizo-
phrenic afﬁnity for ﬂuid and solid lipid phases, cholesterol was very
early identiﬁed as a unique candidate for ruling membrane organi-
zation on different length scales and hence indirectly responsible for
consolidating a sound physical basis for the functional membrane
platforms that underlie the phenomenological ‘raft hypothesis’ [13].
2. The liquid-ordered phase and the ‘raft hypothesis’
Based on experimental NMR and calorimetry data for the
cholesterol-DPPC system [22], the liquid-ordered phase was originally
proposed as a fundamental physical and thermodynamic conse-
quence of the symmetry of the binary system [21], with two liquid
phases with the same ﬂuid symmetry but a different degree of acyl-
chain order: the liquid-disordered (ﬂuid) phase and the liquid-ordered
phase. The possible phase diagram was substantiated by a minimal
theory [23], that is, the simplest possible model that could account for
the basic facts that cholesterol has a preference for ordered acyl lipid
chains, i.e., chain states characteristic of the solid-ordered (gel) phase,
but at the same time is more soluble in the ﬂuid phase. This apparent
conﬂict is resolved by proposing the existence of an intermediate
phase, i.e., a phase that is ordered from the point of view of the
conformational structure of the lipid chains but is disordered from the
point of view of the lateral positions of the molecules.
The proposal of a situation of coexisting ﬂuid phases in a
membrane was attractive from several points of view. Firstly, it
fulﬁlled the requirement of a membrane with high degree of lateral,
diffusive mobility. Secondly, it provided a mechanism for compart-
mentalization of the bilayer in regions of different chain order and
hence bilayer thickness. Both of these assets were important for the
later formulation of the so-called raft hypothesis. Only very fewexamples of ﬂuid-ﬂuid phase separation were then known in bilayer
model systems, and by far, most of the studies on lateral structure
involved solid phases and domains of different kinds. Subsequently,
ﬂuid–ﬂuid phase separation has been assessed in a range of multi-
component lipid mixtures, most of them including cholesterol [24].
Even if the liquid-ordered phase was proposed to exist in binary
lipid–cholesterol systems, only little conclusive evidence is available
as yet of the presence of a macroscopic liquid-ordered phase and
macroscopic phase coexistence between liquid-ordered–liquid-disor-
dered phases in binary lipid bilayers. Nevertheless, there is now a
large body of experimental work that directly or indirectly has shown
unequivocally the existence of smaller microscopic domains, possibly
of the size of tens of nanometers [25,26].
Whereas the phase diagram of two-component bilayers with
cholesterol to some extent is still in dispute, the situation for ternary
systems is somewhat paradoxically muchmore clariﬁed. There is now
a large body of experimental evidence for the liquid-ordered phase
and liquid-ordered–liquid-disordered phase coexistence in ternary
lipid bilayers, both free standing in the form of giant unilamellar
vesicles [15,24] and solid-supported bilayers [14]. The ternary
systems are usually composed of mixtures of cholesterol with a
high- and low-melting lipid species, where the high-melting species
in many cases is a sphingolipid. The early observed apparent
difference between domain sizes in solid-supported bilayers and in
free-standing vesicular bilayers has been resolved as being due to the
coupling between the proximal layer and the support in that the top
bilayer in double-supported bilayers displays domain patterns similar
to those in free bilayers [14,27]. The conspicuous ﬁnding of ﬁnite-size
domains in vesicles of lipid mixtures that would be expected to
undergo macroscopic phase separation has recently been rationalized
by a balance between the tendency to form macroscopic phases,
the line tension of the domains, and a coupling to bilayer curvature
[28].
It is interesting to note that the history of lateral structure and
domain formation in lipid bilayers as well as cell membranes is closely
tied to the history of methodological development of imaging
techniques that allow ﬁner and ﬁner resolution in space and time. It
is as though these techniques emerge, allowing one to see smaller
structures when smaller structures have subsequently been detected
in membranes. This observation is likely to point to a fundamental
property of ﬂuid membranes, which is that they are strongly
correlated liquids with structure on many length and time scales.
Hence, the surprising fact is not that membranes are laterally
structured, they have to be. Rather the challenge is to identify the
spatial and temporal scales of these domains and their possible
functional importance.
The real problem is of course that a quantitative assessment of the
liquid-ordered state is far from trivial and, in many cases, not possible
in a living cell. In order to measure the acyl chain order, rather
demanding spectroscopic methods like deuterium-NMR or ﬂuores-
cence polarization have to be invoked. Deuterium-NMR involves the
use of deuterated lipids, and ﬂuorescence methods involve the use of
probes that may inﬂuence the order. The lesson from liquid physics is
that structure in liquids is best studied by non-invasive scattering
techniques, e.g., by neutron scattering, but due to experimental
difﬁculties, development along these lines has been slow for
membranes although recent work has shown deﬁnite progress [29].
The formulation of the so-called raft hypothesis is based on the
insight from the biophysics of lipid model membranes, and it involves
a picture of the cell membrane as a ﬂuid bilayer incorporated with
regions or domains of more order [13]. These domains are perceived
to be enriched in cholesterol and certain high-melting lipids, such
sphingolipids. Although originally imaged as some kind of solid ice-
like structures (hence the term ‘raft’) ﬂoating in a sea of ﬂuid lipids,
the current picture is much more reﬁned, anticipating that these
structures are dynamic entities [6,9] whose properties are far from
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the membrane characterized by a special molecular composition that
is dynamically maintained and regulated by the collective properties
of the assembly, not least marshaled by the interactions of the lipids
with proteins and cytoskeletal structures [30].
The ﬁrst observation of the liquid-ordered phase in a reconstituted
version of a biological membrane used laurdan ﬂuorescence imaging
of the lateral structure of giant unilamellar vesicles formed from
natural lipids extracted from brush border membranes that are rich in
sphingomyelin and cholesterol [31]. The ﬁrst observation of coexis-
tence of liquid-ordered–liquid-disordered phases in an extract of
biological material was based on giant unilamellar vesicles formed by
pulmonary lung surfactants including the lipophilic pulmonary
surfactant proteins [32]. Subsequently a large body of literature has
reported directly or indirectly the presence of lipid domains in a great
variety of reconstituted and live cell membranes; for a recent review,
see Ref. [6]. Only in few cases, however, has the real ordered nature of
the liquid-ordered domains been quantitatively assessed, and in
almost all studies of real biological membranes, the liquid-ordered
nature of the detected domains remains unproved and is only inferred
by the co-localization of cholesterol and high-melting lipids in these
regions.
One of the most recent and convincing study of ‘rafts’ in live
biological membranes uses stimulated emission depletionmicroscopy
[33], which is an elegant way of breaking the diffraction limit of visible
light. The study shows the presence of nanoscopic domains of sizes
around 20 nm where plasma membrane proteins dwell in periods of
10–20 ms. The study also demonstrates that these special domains
owe in part their existence to sphingolipids in the cholesterol-
enriched rafts.
The concept of the liquid-ordered phase has hence shown its
usefulness to help researchers to characterize their observations,
although the explanatory power of the inferred ‘rafts’ for various
functional properties being supported by the liquid-ordered nature
remains somewhat dubious.3. What is so special about cholesterol?
Cholesterol is a key player in the formation of the liquid-ordered
phase in mammalian plasma membranes. The question arises as to
whether cholesterol, as a sterol molecule with a documented capacity
to stabilize the liquid-ordered state of lipids, is any special and
whether other sterols could do the same job [20]. We know that the
biochemical precursor to cholesterol, lanosterol, is incapable of
supporting the liquid-ordered phase in model membranes [34]
possible because of the three protruding methyl groups on its
bumpy alpha-face.
Cholesterol is the preferred higher sterol in the animal kingdom,
whereas fungi use ergosterol, plants use various phytosterols, and
algae use sterols like desmosterol and fucosterol. Until now only
the phase diagrams of phospholipid bilayers with cholesterol and
ergosterol have been determined [35] and the latter shows indeed
that ergosterol can induce a liquid-ordered state. Recent preliminary
work on the algal sterols desmosterol and fucosterol in binary and
ternary lipid bilayers indicates that the same is true for these sterols,
although the quantitative capacity for forming the liquid-ordered
state diminishes in the order cholesterol N desmosterol N fucosterol
[36].Acknowledgments
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